To investigate early initiation events in the replication of herpes simplex virus type 1, we analyzed interactions of proteins from infected cell extracts with the small origin of herpes simplex virus type 1 (orisl).
Herpes simplex virus type 1 (HSV-1) is an attractive model for DNA replication because the virus encodes most of the proteins required for DNA synthesis. An outline of the events in the replication of HSV-1 suggests mechanisms by which replication may be initiated. A portion of viral DNA is found as circles within the nuclei of infected cells (9, 13, 19) . Soon after the onset of viral DNA replication, a number of different forms of viral DNA can be detected. Late in infection, a shift to predominantly large, rapidly sedimenting forms of DNA occurs (1, 13) . These large structures suggest that, at least late in infection, the DNA replicates as a rolling circle. The mechanism of the transition from a circle to a rolling circle has not been defined experimentally. In theory, the generation of a rolling circle would require a nick in one strand of the DNA duplex. The nick, in turn, would provide a 3' hydroxyl that could act as a primer for leading strand synthesis. The events leading to rolling circle replication are HSV-1 origin specific (21, 22, 24) .
Analysis of defective interfering viral particles (8) identifies two regions of HSV-1 DNA that contain origins. One origin (orisl) is located in the "c" repeat flanking the short unique segment, and the other (oriLl) is located in an internal region of the long unique segment. Recently, a transient replication assay was used to study HSV-1 origins (21, 22, 24, 26) . This procedure allowed the mapping of functional origin sequences. The origins of HSV-1 (22, 24, 28) , HSV-2 (14) , and varicella-zoster virus (VZV) (23) have been sequenced and compared. All of the origins contain a large palindrome centered on an alternating AT sequence motif. The extent of the palindromic sequences and the length of the AT motif are variable. Alignment of the four origins of HSV-1 and HSV-2 indicates that extensive conservation exists leftward from the center of symmetry. Sequences to the right of the center of symmetry are less homologous. Comparison is an 11-base-pair (bp) sequence, 5'-CGTTCGCACTT-3', that is completely conserved in all five origins. This conservation implies that the sequence is essential for efficient origin function.
HSV-1 encodes many proteins directly and indirectly involved in viral DNA metabolism. Seven open reading frames encode all of the viral proteins directly involved in viral DNA replication (29) . Four of these have been matched with the major DNA-binding protein (ICP8), the viral DNA polymerase, a DNA polymerase accessory protein (65KDBP), and the origin-binding protein (OBP) (18a, 29) . In addition, primase activity has also been found in extracts from infected cells (12) . Genetic and biochemical studies indicate that many of the replication proteins interact in a multiprotein complex (12, 16, 18, 25) . The OBP, purified from a nuclear extract, protects 18 bases of DNA from DNase I (6) . These sequences partially overlap the left arm of the palindrome in orisl. Recently, OBP was also shown to bind to sequences overlapping the right arm of the palindrome in a concentration-dependent manner (5) .
In (6) . Bars under the sequence identify regions of orisl that were used in the analyses described in this paper. pHAK (_) contains a complete origin, and pLAT ( Ezi) has a truncated origin.
formed as described by Maniatis et al. (15) , and all enzyme conditions were those recommended by the manufacturer. Origin sequences were cloned into a vector derived from pUC18 by replacement of the HincIl site with a BglII site by linker insertion. This vector was called pUC18-B. Two origin-containing fragments were derived from the pOR-S series, constructed by Deb and Doelberg (3), after we replaced the HindIII site with a BgIII linker. The complete origin was derived from pOR-S. A truncated origin, in which sequences rightward of the AT motif were deleted, was derived from pOR-S-1. The BglII-to-BamHI origin-containing fragments of pOR-S and pOR-S-1 were inserted into the corresponding sites of pUC18-B to create pHAK and pLAT, respectively (Fig. 1 ). Plasmids were maintained in Escherichia coli HB101, and DNA was purified from CsCl gradients after isolation by the method of Birnboim and Doly (2) .
Protein extraction. Vero cells in 30 150-cm2 flasks were infected with HSV-1 (strain F) at a multiplicity of infection of 10. Infected cells were collected 16 h after infection by vigorously shaking the flasks. Cells were centrifuged at a low speed and washed with 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-sodium hydroxide (pH 7.6)-0.5 mM dithiothreitol (DTT)-150 mM NaCl. Cell pellets were suspended in 2 ml of lysis buffer (20 were resolved by using the gel mobility shift assay. DNA was isolated from the gel fragment, precipitated with ethanol, and broken at the modified G residues as described by Maxam and Gilbert (17) for the G > A reaction. After the final lyophilization, the DNA was suspended and treated as described in DNase I footptinting.
RESULTS
Gel mobility shift analysis of protein-DNA interactions at orisl. To define protein-DNA interactions at orisl, we used the gel mobility shift assay (11) . In initial experiments, we incubated an unfractionated infected cell extract with the HindIII-to-EcoRI origin containing restriction fragment from pHAK. We expected numerous protein-DNA interactions to retard the migration of the target fragment to a variety of positions in the gel during electrophoresis. To reduce nonspecific protein-DNA interactions, we added 1 ,ug of competitor poly(dI-dC) poly(dI-dC). When 5 ,ug of crude extract from HSV-1-infected Vero cells (S100) were incubated with the probe, we detected four distinct protein-DNA interactions (Fig. 2) . These interactions are numbered 1 to 4 on the basis of their proximity to the free DNA. None of these four interactions was evident when extracts of uninfected cells were used in this assay (data not shown). Increasing the amount of S100 from infected cells in the binding reaction caused the DNA at all positions to accumulate at the top of the gel. We interpreted this finding to mean that multiple proteins bound to the DNA because of the high protein concentration used in binding.
To simplify these interactions, we separated the S100 extract into two fractions by precipitation with 35% ammonium sulfate. When 5 ,ug of protein in the 35% ammonium sulfate supernatant fraction was used in the mobility shift assay, the probe was retarded to positions 2, 3, and 4 but not to position 1 and 4. Thus, the fractionated proteins increased the accumulation of DNA in positions 1 to 4, and we had sufficient material for analysis of these protein-DNA interactions.
Specificity of protein-DNA interactions. We used competition analysis to determine which of the mobility shift positions were induced by HSV-1 origin recognition proteins. A variety of competitor DNAs were added to the labeled origin DNA fragment, described previously for the binding reaction, and were incubated with the 35% ammonium sulfate precipitate fraction. Control, nonorigin DNAs included linear copolymers of poly(dI-dC) poly(dI-dC) and form I pUC18-B DNA. As specific competitors for origin DNA sequences, we used form I pHAK and pLAT DNAs. The wild-type plasmid, pHAK, contains all of the origin sequences in the radiolabeled probe. The truncated plasmid, pLAT, has origin DNA but lacks the sequences to the right of the AT segment (Fig. 1) . To reduce nonspecific interactions, twice the usual amount of poly(dI-dC) poly(dI-dC) was added to all of the binding reactions. The competitors were added in a 20,000-fold excess of total DNA. The specific competitors also had a 100-fold excess of origin sequences. Fractionation of DNA-binding proteins and an increase in the amount of total competitor DNA in the binding reaction allowed the resolution of two components at position 2. Figure 3 shows the effects of competitor DNAs on DNA binding by proteins in the 35% ammonium sulfate precipitate fraction.
All of the competitors reduced the DNA-binding reactions that result in the retention of DNA at the top of the gel (compare Fig. 2 and 3) . Neither the addition of pUC18-B nor the addition of poly(dI-dC) poly(dI-dC) DNAs reduced the binding interactions at positions 1 and 2b. In contrast, pHAK and pLAT DNAs strongly interfered with these interactions (Fig. 3) . We did not identify any origin-specific interactions in the 35% ammonium sulfate supernatant fraction under these binding conditions (data not shown). We conclude that only the interactions at position 1 the amount of DNA at position 2b was insufficient to allow adequate analysis. The remainder of this study focuses on the more prominent binding interaction at position 1. DNase I footprinting analysis. We used DNase I footprinting analysis (10) to define the sequences covered by protein at position 1. We incubated the 35% ammonium sulfate precipitate fraction with a singly end-labeled, origin-containing restriction fragment from pHAK ( Fig. 1) and allowed protein-DNA complexes to form. DNA was subsequently cut with DNase I under conditions which generated less than one nick per molecule of DNA. We separated the bound from the free DNA by using gel mobility shift electrophoresis. Free DNA and DNA at position 1 were eluted from the mobility shift gel and run on a denaturing polyacrylamide gel.
Protein protected nucleotides 571 through 587 on the upper strand from DNase I (top of Fig. 4) . The DNase I footprint of the upper strand was very similar to the footprint of the partially purified OBP described by Elias et al. (6) , except that our footprint was one nucleotide shorter on the 5' end. We interpret this to mean that the position 1-inducing protein is probably the OBP. In the present study (Fig. 4) , OBP protected regions in this domain to different extents. DNase protection from nucleotides 571 through 577 was strong, while protection from nucleotides 578 through 587 was weaker. On the lower strand, the OBP protected nucleotides 567 through 583 from DNase I (bottom of Fig. 4 ). This region was the same length as the footprint on the upper strand but shifted 4 bases to the left. Protection of nucleotides 577 through 580 was stronger than protection at either end of the footprint. We suggest that the areas of stronger DNase protection on both strands are likely to represent the more important recognition sequences for OBP.
Identification of OBP contact sites. We used methylation interference to define the DNA recognition sequence of the OBP. We treated the end-labeled origin probe with DMS to methylate the N7 position of a single guanine per DNA molecule. After incubation of the modified probe with the 35% ammonium sulfate precipitate fraction, the free and bound DNAs were separated by using the mobility shift assay. We eluted free DNA and DNA at position 1 from the gel and treated them with piperidine to break the DNA at the modified positions. The cleavage products were identified on a denaturing polyacrylamide gel. This DMS assay depends on the ability of modifications at certain positions to interfere with protein binding. Modifications of these positions would be underrepresented in the bound DNA fraction and overrepresented in the free DNA fraction. Figure 5 shows DMS interference footprints for both strands of the origin DNA. Most guanine modifications appeared with equal frequency in the bound and free fractions. These positions are unlikely to be important in protein recognition and binding. On the upper strand, nucleotides at positions 573 and 577 were virtually absent in the bound DNA and were overrepresented in the free DNA (top of Fig.  5 ). On the lower strand, guanines at positions 576, 578, and 580 interfered with binding (bottom of Fig. 5 ). Position 576 played a minor role in the formation of the OBP-DNA complex because it was only slightly underrepresented in the bound DNA. Significantly, all interfering guanines occur in an 8-bp segment of DNA from nucleotides 573 through 580. Furthermore, the nucleotide contacts identified by methylation interference align closely with the areas of strong DNase I protection on both strands. Consequently, we think that the OBP recognizes the sequence 5'-GTTCGCAC-3'/3'-CAAGCGTG-5'. DISCUSSION Elias et al. (6) originally showed that a protein partially purified from extracts of HSV-1-infected cells binds to the left arm of the large palindrome in the orisl. More highly purified OBP also binds to a site on the right arm of the palindrome with a lower efficiency (5) . In the present study, we have identified two orisl-specific protein-DNA interactions by a mobility shift assay and have characterized the more prominent interaction with high-resolution footprinting techniques. Because our DNase-I footprint closely resembles that identified by Elias et al. on the left arm of the palindrome (6), we assume that we are describing a related interaction. In the present study, we have defined the nucleotide recognition sequences for OBP within the DNase footprint domain by using methylation interference analysis.
DNase I footprints of origin DNA show that the OBP protects 17 bases of both DNA strands. The two footprints overlap but are four nucleotides out of register. In our studies, the extent of DNase protection within the footprint area is not uniform; small regions of the DNA are strongly protected from DNase, while other regions are only partly protected. Perhaps, the strong areas of protection correspond to close contacts between DNA and protein, and the weaker protection represents steric hindrance of DNase over adjacent areas. These variations in the extent of DNase protection are not evident in the footprints of Elias et al. (6) . We do not know whether the origin-binding activity of our preparation represents a single protein or a complex of proteins. Complexed proteins could influence the affinity and the pattern of DNA binding by OBP. This possibility may explain the small differences in the DNase protection patterns reported in this and in previous studies. Other subtle variations in the preparation of extracts or in the footprinting conditions could also explain the differences.
The DNase I footprint domain and flanking areas contain many repeat motifs (Fig. 6A) . To determine which, if any, of these motifs are involved in protein binding, we used a methylation interference analysis on both strands of the DNA. Methylation events cause strong interference of OBP binding within the areas strongly protected from DNase I. 4 . DNase I footprints of OBP bound to both DNA strands of the HSV-1 origin. The HindIII-BamHI fragment from pHAK was labeled at either end and used as the probe. Protein (55 jig) from the 35% ammonium sulfate precipitate was added to the origin probe in the presence of 8 jig of poly(dI-dC) poly(dI-dC). After protein-DNA complexes had formed, the binding reactions were treated with DNase I. Free and bound DNAs were resolved by gel electrophoresis. Eluted DNA fractions were analyzed by electrophoresis through a denaturing gel. Position markers (not shown) were generated by the G reaction-sequencing technique described by Maxam and Gilbert (17) . The area of interference is confined to an 8-bp 5'-GTTCG CAC-3'/3'-CAAGCGTG-5' sequence overlapping the left arm of the palindrome. All of the guanines in this region appear to bind the OBP. This 8-bp segment corresponds exactly to two inverted and overlapping repeated sequences but not to any other group of repeated sequences (Fig. 6A) . The DNA repeat sequence is 5'-GT(T/G)CG-3'. broken at the modified residues with piperidine and analyzed by electrophoresis through a denaturing gel. The figure is arranged as described in Fig. 4 .
overlapping form at the left end of all sequenced alphaherpesvirus origins. With the exception of VZV, the repeated sequences are also present at the right end of herpesvirus origins. The two bases that flank the repeated sequence are also well conserved at both ends of herpesvirus origins. These flanking nucleotides are either both cytosines or both adenines. The presence of cytosine or adenine residues appears to be related to the nucleotide at position 3 The use of overlapping inverted repetitions as binding motifs in origins of replication is not unique. The T antigens of simian virus 40 and polyomavirus both bind to the pentanucleotide 5'-GAGGC-3' in a palindrome at the center of their origins of replication (7) . Each arm of the palindrome contains two pentanucleotides oriented as direct repeats with 1-bp spacing between them. The arms of the palindromes are arranged differently in these two viruses. Simian virus 40 has a 1-bp separation between the inverted repeats, while the inverted repeats of polyoma virus overlap by two base pairs. This alternative arrangement of polyoma sequences indicates that recognition sequences for protein subunits can overlap in replication origins.
Our findings suggest that the herpesvirus OBP binds to the inverted repeat motif as a dimer. In every putative binding site, there is an asymmetry of the repeats at position 3 and within the flanking bases. This asymmetry could be important for subsequent protein function. OBPs have two potential roles in the initiation of replication. One possible role is to assemble a preinitiation complex at the origin. In this case, the asymmetrical binding site could impart directionality to a bound complex of proteins. The other possibility is that the OBP could participate in an origin initiation event; the asymmetry of the OBP-binding site could focus origin events to one strand of origin DNA. For example, the initiation of a rolling circle may require the nicking of one and only one strand of duplex DNA. Our findings add to the framework of information that can be used for the design of genetic and biochemical approaches to these functional problems.
